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Edited by Judit Ova´diAbstract Vitamin A (all-trans retinol) and all-trans retinoid
acid (ATRA) interacted with human annexin A6 (AnxA6) as evi-
denced by AnxA6-induced blue shift of retinoid absorption max-
ima, by AnxA6-Trp ﬂuorescence quenching and by a ﬂuorescence
resonance energy transfer from a Trp residue of AnxA6 to reti-
nol. In addition, both retinoids stimulated the calcium-dependent
binding of AnxA6 to liposomes, accompanied by oligomerization
of AnxA6. Up to our knowledge, it is a ﬁrst report supporting the
hypothesis of a direct implication of AnxA6 in vitamin A-depen-
dent tissue mineralization.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The all-trans retinoic acid (ATRA), an active metabolite of
vitamin A, has been recognized as a key inducer of growth plate
maturation, mineralization and apoptosis, by activating the
expression of multiply genes associated with cell proliferation
and formation of mineral phase [1–4]. Furthermore, retinoid
antagonists prevent chondrocyte hypertrophy [4], suggesting
that retinoids are required for chondrocyte maturation. ATRA
may also aﬀect annexins during the mineralization process by
modulating annexin ion channel activity [5]. In addition, an-
nexin ion channel inhibitor K-201, as well intracellular Ca2+
chelators inhibit cell diﬀerentiation [6] thus underlining the
essential role of annexins in the skeletal development.
In this report, we examined whether AnxA6, considered as
one of the eﬀectors of chondrocyte proliferation, could interact
with retinoids. This hypothesis is supported by the fact that ret-
inoids are able to interact with intracellular and extracellular
proteins, changing their properties [7]. Furthermore, it has been
reported that annexins such as AnxA2 speciﬁcally bind vitamin
D, acting as an alternative vitamin D receptor [8,9]. The ﬂuo-
rescence and UV spectra of retinoids shown in this report, re-
corded in the presence of human recombinant AnxA6,
indicated that AnxA6 interacted with retinoids. Retinoids were
able to modulate Ca2+-induced membrane binding as demon-
strated by ﬂuorescence resonance energy transfer (FRET) using
liposomes enriched with dansylated phosphatidylethanolamine*Corresponding author. Fax: +48 22 8225342.
E-mail address: s.pikula@nencki.gov.pl (S. Pikula).
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doi:10.1016/j.febslet.2006.04.052(dansyl-PE). Up to our knowledge, it is the ﬁrst report in liter-
ature suggesting a novel mechanism by which vitamin A may
regulate annexin-dependent tissue mineralization.2. Materials and methods
2.1. Puriﬁcation of recombinant AnxA6
Human recombinant AnxA6 was expressed in Escherichia coli
strain B121 (DE3) and puriﬁed as described for AnxA5 [10] with
slight modiﬁcations [11,12]. Protein concentration was measured
using a BioRad Protein Assay (BioRad), with bovine serum albumin
as a standard.
2.2. Infrared spectra
10 mg AnxA6/ml were solubilized in 10 mM Tris–HCl 2H2O-buﬀer,
p2H 7.5, with or without ethanol (2% v/v), containing 0.2 mM all-trans
retinol or 0.2 mM ATRA. Infrared spectra (128 interferograms with
2 cm1 resolution) were acquired with a Nicolet 510 M FTIR spec-
trometer. The cell (model TFC-M25, Harrick Scientiﬁc Corp.) with
two CaF2 windows separated by a 50-lm spacer was kept at 25 C.
Nine individual spectra (from three batches) were measured, co-added
and averaged to obtain the ﬁnal spectrum which was corrected for buf-
fer and H2O vapor absorptions.
2.3. UV–visible spectra
The molar absorption coeﬃcients of all-trans retinol
(46000 M1 cm1 at 325 nm) and ATRA (44300 M1 cm1 at
350 nm) served to determine the concentration of retinoids (Sigma)
in ethanol. All manipulations with retinoids were carried out under
red light or in the dark. The UV–visible absorption spectra of 20 lM
retinoids in 5 mM Tris–HCl buﬀer, pH 7.5, with or without 40 lM
AnxA6, were recorded at 25 C in a quartz cuvette of 10-mm path
length using a Hewlett Packard 8452A spectrophotometer.
2.4. Fluorescence spectra
Aliquots of retinoid in ethanol were added to the cuvette contain-
ing 0.8 lM AnxA6, 2 mM Tris–HCl, pH 7.4, 150 mM NaCl. The
solution was stirred gently and allowed to equilibrate for 10 min.
The ﬁnal concentration of ethanol did not exceed 2% (v/v). Trp ﬂuo-
rescence (kex 295 nm, kem 340 nm) and all-trans retinol ﬂuorescence
(kex 335 nm, kem 480 nm) were measured at 25 C with a Fluorog 2
Spectroﬂuorimeter. Both slits were set at 3 nm. The spectra were cor-
rected for non-speciﬁc interactions and for inner ﬁltering [13]. The
apparent dissociation constant (Kd) of a single binding site was calcu-
lated according to [14]. The value of a was determined from Trp ﬂuo-
rescence of AnxA6 according to:
a ¼ ðF  F minÞðF 0  F minÞ ;
where F is the ﬂuorescence of AnxA6 in the presence of retinoid,
Fmin is the minimum ﬂuorescence intensity upon saturation of all
protein binding sites, and F0 is the ﬂuorescence of protein without
retinoid. The statistical signiﬁcance of obtained results was calcu-
lated using the paired t-test at P < 0.005 available from the Origin
software.blished by Elsevier B.V. All rights reserved.
Fig. 1. Infrared spectra of AnxA6 with no addition (a), or in the
presence of 2% (v/v) EtOH (b), 0.2 mM all-trans retinol (c), or 0.2 mM
ATRA (d).
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Trp (kex 280 nm) and N-dansyl-1,2-dipalmitoyl-sn-glycero-3-phos-
phoetanolamine (dansyl-DPPE, kem 510 nm; synthesized according to
[15] with DPPE from Sigma). Liposomes were prepared as described
elsewhere [16]. A mixture of 3.4 lmol 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC, Sigma), 1.4 lmol 1,2-dipalmitoyl-sn-glycero-
3-phospho-L-serine (DPPS, Sigma) and 0.2 lmol dansyl-DPPE in
chloroform/methanol (1:2, v/v) was evaporated to form a lipid ﬁlm in
a ﬂat-bottomed ﬂask, then hydrated in 20 mM 3-(N-morpholino)pro-
panesulfonic acid (Mops), pH 7.4, 0.2 M sucrose. Liposomes were col-
lected by centrifugation at 12000 · g for 10 min at 4 C and decalciﬁed
by passage over Chelex resin (BioRad). Asolectin liposomes were pre-
pared under the same conditions. Calcium titrations (ranging from
1 lM to 0.8 mM as calculated using Chelator program) of the
AnxA6-induced liposome binding were performed as described [17] in
the presence of 2 mM EGTA, 50 nM AnxA6, 4 lM liposomes (concen-
trations determined according to [18]), with or without 1 lM all-trans
retinol or 1 lM ATRA. Slits for excitation and emission were set at 6
and 9 nm, respectively. Measurements were performed at 25 C. FRET
was calculated as:
FRET ¼ ðFRETobs  FRETminÞ=ðFRETmax  FRETminÞ;
where FRETmin is the dansyl emission in the presence of AnxA6
and absence of Ca2+, FRETmax is the dansyl emission in the pres-
ence of AnxA6 saturated with Ca2+ and FRETobs the observed
dansyl emission in the presence of AnxA6 at given [Ca2+]. The cal-
cium-dependent changes in FRET were ﬁtted to a modiﬁed Hill
model using Orgin Software (OrginLab Corporation, Northampton,
MA), as follows:
DFRET ¼ DFRETmax ½Ca
2þ
freeH
½Ca2þH1=2 þ ½Ca2þfreeH
 !
;
where DFRETmax= (FRETmax  FRETmin) is the maximal change,
H is the Hill coeﬃcient and [Ca2+]1/2 the Ca
2+ concentration inducing
half-maximal FRET.
2.5. Chemical cross-linking and electrophoresis under non-denaturing
conditions
50 lg/ml AnxA6 were incubated for 10 min in 20 mM Mops, pH
7.4, 0.2 M sucrose, 2 mM EGTA, 2.2 mM CaCl2, asolectin lipo-
somes (3.75 mg/ml) with either 10 lM all-trans retinol or 10 lM
ATRA. Ethanol concentration did not exceed 2.5% (v/v). Glutaral-
dehyde was added at a ﬁnal concentration of 0.2% (v/v). After
10 min at ambient temperature, cross-linking reaction was stopped
by supplementing it with 400 mM glycine, 50 mM Tris–HCl, pH
6.8, 3% sodium dodecyl sulphate (SDS, w/v), 3% 2-mercaptoethanol
(v/v), 10% glycerol (v/v) and 0.02% bromophenol blue (v/v) and
heating the mixture at 100 C for 5 min. SDS–polyacrylamide gel
electrophoresis (SDS–PAGE) was performed on 6% gels. Protein
was detected by silver staining [19]. For electrophoresis under
non-denaturing conditions, the same conditions were employed but
without glutaraldehyde and SDS, in 15 mM Tris–HCl, pH 7.0,
0.02% bromophenol blue (v/v).Fig. 2. UV spectra of AnxA6 (a), retinoid (b), and protein–r3. Results
3.1. Infrared and UV–visible spectra of retinoid binding to AnxA6
The band shape of amide-1 band at 1652 cm1 was identical
to that of AnxA6 [11,12], conﬁrming that recombinant AnxA6
folded correctly in its native structure. The interaction of reti-
noids with AnxA6 was not accompanied by any secondary
structure changes, since infrared spectra of AnxA6 with reti-
noids were identical to the spectra of AnxA6 without or with
ethanol (Fig. 1). The UV–visible spectra of all-trans retinol
and ATRA were characterized by absorbance maxima at 325
and 392 nm, which were shifted by 5 or 20 nm, respectively,
upon the addition of AnxA6 (Fig. 2), suggesting that retinoids
bound to a hydrophobic domain of AnxA6.
3.2. Fluorescence quenching of AnxA6 by retinoids and FRET
Addition of retinoids caused quenching of AnxA6 intrinsic
ﬂuorescence accompanied by FRET in the case of all-trans ret-
inol (Fig. 3A). The relatively small FRET eﬃciency could arise
from a non-optimal orientation of AnxA6 Trp residues. The
AnxA6 ﬂuorescence intensity decreased by 15% in the presence
of retinoid:AnxA6 at molar ratio of 5:1 (Fig. 3B) and was not
as eﬃcient as in the case of other retinoid-binding proteins
[20–23]. From this experiment, Kd value of AnxA6 for all-transetinoid complexes (c). (A) all-trans retinol; (B) ATRA.
Fig. 4. Ca2+ titrations of AnxA6 binding to DPPC/DPPS/dansyl-
DPPE liposomes in the absence (m) (n = 8) or presence of 1 lM all-
trans retinol (d) (n = 3) or ATRA (n) (n = 5).
Fig. 5. AnxA6 oligomerization in the presence of retinoids. (A) Cross-
linking. AnxA6 was incubated with liposomes in the absence of
glutaraldehyde (lane 1) or its presence (0.1%, v/v) (lane 2) and with
10 lM all-trans retinol (lane 3) or 10 lM ATRA (lane 4). (B) Non-
denaturing conditions. AnxA6 was incubated with liposomes in the
absence (lane 1) or presence of 10 lMall-trans retinol (lane 2) or 10 lM
ATRA (lane 3). Representative gel after silver staining is shown.
Fig. 3. Quenching of AnxA6 ﬂuorescence by retinoids. (A) Diﬀerence
ﬂuorescence spectra of AnxA6 (0.8 lM) were recorded in the absence
(a) or presence of 3.35 lM (b) or 4.65 lM (c) all-trans retinol. (Inset) A
ﬂuorescence peak at 466 nm indicating FRET. (B) Titration of AnxA6
ﬂuorescence with all-trans retinol (d) (n = 5) or ATRA (n) (n = 5).
(Inset) Fluorescence of all-trans retinol in the presence of AnxA6.
Values are means ± S.D. (C) Cogan plots of a([AnxA6]) versus (a/
1  a)([retinoid]), obtained from analysis of quenching of AnxA6
ﬂuorescence of AnxA6 with all-trans retinol () and ATRA (h), or
increase of all-trans retinol ﬂuorescence in the presence of AnxA6 (d).
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(the diﬀerence was statistically not signiﬁcant, P < 0.005).
The stoichiometry of binding of retinoids to AnxA6 amounted
to 3.1:1 mol/mol for all-trans retinol and 3.8:1 mol/mol ATRA
(the diﬀerence was statistically signiﬁcant, P < 0.005, Fig. 3C).In the case of all-trans retinol changes of its ﬂuorescence in the
presence of AnxA6 yielded similar results, e.g. Kd values of
37 ± 6 nM (Fig. 3B, inset) and the stoichiometry of 3.2:1 mol/
mol (Fig. 3C).
3.3. Ca2+ dependence of AnxA6 membrane binding
FRET was observed between Trp residue of AnxA6 and
dansyl-DPPE in the assay medium containing Ca2+, 4 lM lip-
osomes and 50 nM AnxA6. The Hill coeﬃcient exceeded 2.7
indicating Ca2+-induced membrane binding, with a [Ca2+]1/2
value of 130 ± 6 lM in the presence of 1 lM ATRA and a va-
lue of 170 ± 12 lM in the presence of 1 lM all-trans retinol;
[Ca2+]1/2 without retinoids amounted to 270 ± 8 lM (Fig. 4).
3.4. Oligomerization of AnxA6
Separation of peptides by SDS–PAGE in the absence of glu-
taraldehyde revealed a single band of Mr 70 kDa, consistent
3068 M. Balcerzak et al. / FEBS Letters 580 (2006) 3065–3069with AnxA6 monomer (Fig. 5A, lane 1). Addition of glutaral-
dehyde resulted in the appearance of AnxA6 trimers with Mr
of 220 kDa (Fig. 5A, lane 2), indicating oligomerization of
AnxA6 upon Ca2+-dependent binding to membranes. Supple-
mentation of assay medium with retinoids resulted in a further
increase of the AnxA6 trimers (Fig. 5A, lanes 3 and 4). Electro-
phoresis under non-denaturing conditions conﬁrmed that the
addition of retinoids promoted oligomerization of AnxA6 in
the presence of liposomes (Fig. 5B).4. Discussion
Recent ﬁndings underlining the stimulatory eﬀect of ATRA
on the mineral formation [2,3,6] opened up a new area of
investigations on the mechanism of annexin participation in
the mineralization process. Neither the presence of ATRA
nor all-trans retinol induced secondary structure changes of
AnxA6 (Fig. 1), although changes in tertiary structure of
AnxA6 were observed during retinoid binding. The retinoid
binding by AnxA6 was evidenced from a blue shift of UV spec-
tra of retinoids (Fig. 2), enhancement of all-trans retinol ﬂuo-
rescence and quenching AnxA6 ﬂuorescence (Fig. 3B) in the
case of all-trans retinol accompanied by FRET (Fig. 3A). Both
ATRA and all-trans retinol bound to AnxA6 with the same
aﬃnity but diﬀerent stoichiometry suggesting diﬀerent mecha-
nism of their action due to their distinct chemical structures.
To obtain more insight into the consequences of AnxA6-ret-
inoid interactions, we investigated Ca2+-dependent binding of
AnxA6 to liposomes. The binding of retinoids to AnxA6 re-
sulted in a twofold increase aﬃnity toward Ca2+ for the
AnxA6-induced binding to lipid (Fig. 4). Since annexins can
form oligomers on the surface of model membranes [24–28],
we examined whether retinoids were able to induce self-associ-
ation of AnxA6 molecules. We found that AnxA6 formed tri-
mers in the presence of liposomes at 200 lM Ca2+ and the
process was signiﬁcantly enhanced in the presence of retinoids
(Fig. 5). Our ﬁndings suggest that AnxA6 could act as a reti-
noid transport protein or could aﬀect membrane binding of
AnxA6 and Ca2+ homeostasis. Whether such eﬀects may
accompany the terminal cell diﬀerentiation of chondrocytes
[6] and mineral formation in matrix vesicles remain to be elu-
cidated.
In conclusion, the in vitro eﬀects of retinoids on AnxA6
could promote interactions of physiological relevance during
mineralization. Retinoids can either decrease the calcium con-
centration necessary to AnxA6-membrane binding within ma-
trix vesicles or directly interact with AnxA6, targeting the
protein to the speciﬁc plasma membrane microdomains corre-
sponding to the sites of matrix vesicle formation.
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